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Cryo-electron Microscopy Reconstruction and Stability Studies of the
Wild Type and the R432A Variant of Adeno-associated Virus Type 2
Reveal that Capsid Structural Stability Is a Major Factor in Genome
Packaging

Lauren M. Drouin,a* Bridget Lins,a* Maria Janssen,c* Antonette Bennett,a Paul Chipman,a Robert McKenna,a Weijun Chen,b

Nicholas Muzyczka,b Giovanni Cardone,c* Timothy S. Baker,c Mavis Agbandje-McKennaa

Department of Biochemistry and Molecular Biology, Center for Structural Biology, The McKnight Brain Institute, College of Medicine, University of Florida, Gainesville,
Florida, USAa; Department of Molecular Genetics and Microbiology, University of Florida Genetics Institute, College of Medicine, University of Florida, Gainesville, Florida,
USAb; Department of Chemistry and Biochemistry and Division of Biological Sciences, University of California—San Diego, San Diego, California, USAc

ABSTRACT

The adeno-associated viruses (AAV) are promising therapeutic gene delivery vectors and better understanding of their capsid
assembly and genome packaging mechanism is needed for improved vector production. Empty AAV capsids assemble in the nu-
cleus prior to genome packaging by virally encoded Rep proteins. To elucidate the capsid determinants of this process, structural
differences between wild-type (wt) AAV2 and a packaging deficient variant, AAV2-R432A, were examined using cryo-electron
microscopy and three-dimensional image reconstruction both at an �5.0-Å resolution (medium) and also at 3.8- and 3.7-Å reso-
lutions (high), respectively. The high resolution structures showed that removal of the arginine side chain in AAV2-R432A elimi-
nated hydrogen bonding interactions, resulting in altered intramolecular and intermolecular interactions propagated from un-
der the 3-fold axis toward the 5-fold channel. Consistent with these observations, differential scanning calorimetry showed an
�10°C decrease in thermal stability for AAV2-R432A compared to wt-AAV2. In addition, the medium resolution structures re-
vealed differences in the juxtaposition of the less ordered, N-terminal region of their capsid proteins, VP1/2/3. A structural rear-
rangement in AAV2-R432A repositioned the �A strand region under the icosahedral 2-fold axis rather than antiparallel to the
�B strand, eliminating many intramolecular interactions. Thus, a single amino acid substitution can significantly alter the AAV
capsid integrity to the extent of reducing its stability and possibly rendering it unable to tolerate the stress of genome packaging.
Furthermore, the data show that the 2-, 3-, and 5-fold regions of the capsid contributed to producing the packaging defect and
highlight a tight connection between the entire capsid in maintaining packaging efficiency.

IMPORTANCE

The mechanism of AAV genome packaging is still poorly understood, particularly with respect to the capsid determinants of the
required capsid-Rep interaction. Understanding this mechanism may aid in the improvement of AAV packaging efficiency,
which is currently �1:10 (10%) genome packaged to empty capsid in vector preparations. This report identifies regions of the
AAV capsid that play roles in genome packaging and that may be important for Rep recognition. It also demonstrates the need to
maintain capsid stability for the success of this process. This information is important for efforts to improve AAV genome pack-
aging and will also inform the engineering of AAV capsid variants for improved tropism, specific tissue targeting, and host anti-
body escape by defining amino acids that cannot be altered without detriment to infectious vector production.

The adeno-associated viruses (AAVs) have emerged as attrac-
tive gene therapy vectors because they can package foreign

genes and achieve stable, long-term gene expression in a broad
range of tissues, with no known pathogenicity (1–3). AAVs are
small, nonenveloped, icosahedral viruses (�260 Å in diameter)
that package �4.7 kb of single-stranded DNA (ssDNA) (4). This
genome contains the rep, cap, and aap open reading frames
(ORFs) flanked by inverted terminal repeats of �145 bp. The rep
gene expresses four nonstructural proteins (Rep78, Rep68, Rep52,
and Rep40) required for viral replication and genome packaging.
Three overlapping structural proteins (VP1, VP2, and VP3) share
a VP3 region and are encoded by the cap gene. The unique N-ter-
minal region of VP1 (VP1u) contains a phospholipase A2 domain,
and the VP1u and VP1/2 common regions contain nuclear local-
ization signals (NLS). The PLA2 and NLS are required for viral
infection (5, 6). Sixty VPs form the T�1 viral capsid in a VP1/
VP2/VP3 ratio of 1:1:10 (7–10). The more recently identified aap

ORF encodes the assembly-activating protein, which is necessary
for capsid assembly (11–13).

The AAV VP3 common structure is comprised of a �A strand,
an eight-stranded �-barrel core (�B-�I), and a small �-helix
(�A), which are conserved in all parvovirus structures, and con-
tain large loop insertions that link these secondary structure ele-
ments and are located on the capsid surface (14–23). The tops of
these insertion loops are classified into nine major variable regions
(VRs) that vary in sequence and structure among the different
serotypes. These VRs are associated with specific functional roles,
including receptor attachment, transduction phenotype, and an-
tigenicity, for each of the AAV serotypes (15, 24–34). The VPs
assemble a capsid whose morphology is characterized by surface
depressions at the icosahedral 2-fold axes of symmetry, three pro-
trusions surrounding a depression at each 3-fold axis, and a pore
at each 5-fold axis surrounded by a shallow (canyon-like) depres-
sion (14–23).
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AAVs package their ssDNA genomes into preformed capsids
through the use of Rep (35–39). The current model for packaging
is that (i) empty capsids assemble in the nucleoli and then associ-
ate with Rep52 and Rep78 complexes; (ii) Rep78/68 proteins as-
sociate with the 5= end of the AAV genome to be packaged, which
is then docked onto the preexisting Rep-capsid complex; and (iii)
the helicase activities of both Rep proteins load the ssDNA into the
capsid in a 3= to 5=direction. However, exactly how these processes
occur is poorly understood and the capsid determinants of suc-
cessful genome packaging are not well characterized.

In a charge-to-alanine mutagenesis screen of AAV2, a single
residue change, R432A, was identified as having a severe genome-
packaging defect (a 5-log decrease) compared to wild-type AAV2
(wt-AAV2) (34). This residue is buried within the capsid at a
3-fold symmetric VP-VP interface. This site is not accessible from
the exterior surface of the capsid, where it could potentially inter-
act with Rep, nor is it accessible from the interior surface of the
capsid, where it could interact with the packaged DNA. Thus, the
role of residue 432 in genome packaging is difficult to reconcile.
Further studies of AAV2-R432A reported an indirect effect on
packaging due to tighter association with Rep52 and Rep78 com-
pared to wt-AAV2 rather than a lack of interaction with the pack-
aging machinery (40). AAV2-R432A was also reported to have its
VP1 and VP2 N termini abnormally exposed on the capsid surface
at room temperature, in contrast to wt-AAV2 (37). Based on these
observations, it was postulated that the VP N termini of AAV2-
R432A are extruded through the 5-fold pores, one of which is
proposed to be the portal for genome packaging in parvoviruses
(6, 35, 40, 41), thus blocking the route for DNA encapsulation.
However, chimeric AAV2 variants with externalized VP1 and VP2
still maintain wt packaging efficiencies (5, 42, 43). Therefore, if the
5-fold channel indeed functions as the packaging portal, perhaps
not all 12 channels are blocked by extruded N termini, and this
might suggest that a different mechanism of action occurs in
AAV2-R432A. It is noteworthy that a second residue in AAV2,
R513, which when mutated to alanine also abrogates DNA pack-
aging, is located close to R432 from a 3-fold related VP monomer
(44). These observations suggest a role for the 3-fold interface
interactions in genome packaging and possibly Rep association.

In this report, the structures of wt-AAV2 and AAV2-R432A
virus-like particles (VLPs) produced in a baculovirus/sf9 system

were determined by cryo-electron microcopy (cryo-EM) and
three-dimensional (3D) image reconstruction (cryo-EM recon-
struction) to �3.8- and �3.7-Å resolutions, respectively. The
R432A mutation resulted in a loss of intra- and inter-VP mono-
mer interactions, as well as conformational side- and main-chain
rearrangements propagated from the 3-fold region to the base of
the 5-fold channel. We also compared the wt and AAV2-R432A
structures studied at �5.0-Å resolution. This enabled the visual-
ization and interpretation of less well-ordered VP features that are
not visible in the higher resolution cryo-EM reconstruction owing
to signal loss at high spatial frequency. A striking difference was
observed in the repositioning of the �A strand in AAV2-R432A
compared to wt-AAV2. In AAV2-R432A, residues within this
strand are repositioned near the 2-fold axis, which is distinct from
its antiparallel pairing with strand �B in the capsid interior of
wt-AAV2. Consistent with the loss of side chain and interface
interactions in AAV2-R432A, analysis of capsid stability using dif-
ferential scanning calorimetry (DSC) showed an �10°C decrease
in thermostability. Overall, the observations indicate that residues
at the 2-, 3-, and 5-fold interface regions of the capsid must main-
tain a certain topology in addition to interactions that control Rep
binding and confer a level of capsid stability sufficient for ssDNA
packaging to occur.

MATERIALS AND METHODS
Generation of wt-AAV2 and AAV2-R432A baculovirus constructs. The
pFBDVPm11 baculovirus donor plasmid (45), containing a mutation in
the AAV2 cap start site to ensure that correct ratios of VP1, VP2, and VP3
are expressed (a generous gift from Sergei Zolotukhin, Department of
Pediatrics, University of Florida), was used for the generation of the bac-
ulovirus construct for AAV2-R432A. To insert the R432A mutation into
the cap gene, the pFBDVPm11 and available pIM45-AAV2-R432A (34)
plasmids were double digested with the XcmI and BsiWI restriction
enzymes (New England BioLabs), and the appropriate DNA fragments
were excised from an agarose gel and purified. The purified vector
(pFBDVPm11) and insert (AAV2-R432A) DNA were ligated between the
BsiWI and XcmI restriction endonuclease sites in a 1:2 ratio, and the
resultant plasmid was used to transform JM109 electrocompetent cells
(Stratagene). The resulting colonies were grown overnight, followed by
plasmid DNA purification using a MiniPrep kit (Qiagen). The isolates
were digested with BsiWI and electrophoresed on an agarose gel to con-
firm the presence of the AAV2-R432A insert, and one positive isolate was
selected for DNA sequencing using AAV2 cap-specific primers.

The original pFBDVPm11 and pFBDVPm11-AAV2-R432A donor
plasmids were used to generate recombinant baculovirus according to the
manufacturer’s specifications (Invitrogen Bac-to-Bac baculovirus expres-
sion system). Individual baculovirus clones were amplified in Spodoptera
frugiperda (Sf9) cells maintained in Sf900 II SFM media (Gibco) and sup-
plemented with 1% antibiotic-antimycotic (Gibco). The resulting clones
were plaque purified and amplified to the P1 stage (passage 1) and then
assayed for VP production by Western blotting. The titers of the highest-
producing clones were determined by plaque assay, and these clones were
then amplified to produce P2 stocks. In turn, the titers of the P2 stocks
were determined, and the clone with the highest concentration was am-
plified to produce a P3 stock. The titer of this P3 stock was also deter-
mined, and this stock was then used for VLP production.

Large-scale expression and purification of wt-AAV2 and AAV2-
R432A VLPs. The P3 stocks of the wt-AAV2 and AAV2-R432A baculovi-
rus constructs were used to infect 1 liter of Sf9 cells (2 � 106 cells/ml) in
suspension at 27°C with a multiplicity of infection of 5. The infected cells
were harvested 72 h postinfection and centrifuged at 3,000 rpm in a JS-5.3
rotor for 15 min to produce a pellet. The cell pellet was resuspended in
lysis buffer (137 mM NaCl, 0.7 mM Na2HPO4, 5 mM KCl, and 25 mM
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Tris-HCl [pH 7.4] plus 0.2% Triton X-100) in the presence of protease
inhibitor (Roche) and subjected to three cycles of rapid freezing and thaw-
ing. Benzonase (Sigma-Aldrich) was added to the sample after the final
thaw, followed by incubation at 37°C for 30 min, with periodic vortexing.
The crude cell lysate was clarified by centrifugation in a JA-20 rotor at
9,000 rpm for 20 min, and the supernatant was collected.

The supernatant was purified using an iodixanol step gradient (Op-
tiPrep medium; Sigma-Aldrich) in 32.4-ml OptiSeal tubes (Beckman
Coulter). Samples were layered on top of the gradient tubes and centri-
fuged at 59,000 rpm for 2 h in a 60 Ti rotor at 18°C. Fractions were
collected from the bottom of the tube by needle puncture and dripping
into collection tubes. Each fraction was further purified by anion ex-
change using a 5-ml prepacked HiTrap Q HP column (GE Healthcare) on
an AKTA FPLC/Unicorn system (GE Healthcare). After washing with 20
mM Tris-HCl (pH 8.5)–15 mM NaCl, 1-ml fractions were eluted with a
linear gradient of 20 mM Tris-HCl (pH 8.5)–500 mM NaCl.

The fractions were monitored for the presence of the wt-AAV2 and
AAV2-R432A VPs (VP1 [87 kDa], VP2 [72 kDa], and VP3 [62 kDa]) by
SDS-PAGE using 4 to 15% Criterion TGX precast gels (Bio-Rad) that
were stained with Bio-Safe Coomassie stain (Bio-Rad). The specificity of
the visualized VP bands and the presence of assembled capsids were ver-
ified by Western and native dot blot analyses, respectively, using the B1
and A20 or C37-B antibodies (33), respectively. The integrity of the puri-
fied VLPs was confirmed by negative-stain (2% uranyl acetate) electron
microscopy using an FEI Spirit transmission electron microscope (TEM)
operating at 120 kV. The micrographs were collected using a Gatan 2Kx2K
charged-coupled device camera.

Cryo-EM. Cryo-electron micrographs were recorded from wt-AAV2
and AAV2-R432A samples vitrified on Quantifoil grids using an FEI Po-
lara microscope. Small aliquots (3.5 �l) of each sample, at �1 mg/ml,
were applied to glow-discharged, holey Quantifoil grids and vitrified by
manual plunging into liquid ethane. The grids were transferred into a
precooled FEI Polara multispecimen holder, which maintained the spec-
imen at liquid nitrogen temperature. Cryo-EM images were recorded on
Kodak SO163 films under low-dose conditions (�20 e�/Å2) at 1.1 to 3.7
�m and 1.2 to 3.2 �m under focus for wt-AAV2 and AAV2-R432A, re-
spectively, on an FEI Tecnai G2 (Polara) TEM operated at 300 kV and a
nominal magnification of �59,000 with parallel beam illumination. Mi-
crographs were digitized on a Nikon Super Coolscan 8000 microdensi-
tometer scanner at 6.35-�m intervals (representing 1.12 Å pixels at the
specimen level) and saved in the PIF format for further processing and
structure determination.

Data processing and 3D image reconstruction. For both data sets, the
application CTFFIND (46) within the AUTO3DEM software package
(47) (http://cryoem.ucsd.edu/programs.shtm) was used to determine the
defocus value and astigmatism parameters for each micrograph. Micro-
graphs that exhibited minimal astigmatism and specimen drift were se-
lected for further processing. The RobEM subprogram in AUTO3DEM
was used to extract individual particle images and to preprocess them as
described previously (48). The random-model computation procedure
(49) was used to generate an initial reconstructed model at �25-Å reso-
lution from 150 particle images. This map was used to initiate full deter-
mination of the orientations and origins of all particles and refinement of
the entire set of images utilizing AUTO3DEM (47). To reduce noise, the
maps were masked during alignment procedures. The microscope con-
trast transfer function (CTF) was refined using AUTO3DEM for each
image. The phases but not the amplitudes of the structure factor data were
corrected for effects caused by the CTF prior to the final map calculation.

The wt-AAV2 data included in the final cryo-EM reconstruction con-
sisted of 23,039 particle images selected from 64 micrographs. The 3D
map was estimated to be reliable to at least a 3.8-Å resolution (Fourier
shell correlation [FSC] threshold � 0.5) (50). The AAV2-R432A data set
consisted of 19,457 particle images selected form 49 micrographs, which
yielded a final 3D map that was estimated to be reliable to at least 3.7-Å
resolution (FSC � 0.5). Maps were computed with inverse temperature

factors (51) of 1/150 Å2 and 1/100 Å2 for the wt-AAV2 and AAV2-R432A
structures, respectively, to enhance the higher spatial frequency details.
These values were empirically determined by screening a range of values
from 1/50 to 1/500 Å2. For both structures, the Fourier amplitudes were
multiplied by a noise suppression factor to filter out spatial frequencies in
the map according to FSC resolution estimates to prevent excessive am-
plification of noise. In addition to the final high-resolution maps, density
maps at the medium resolution of 5.0 Å, generated in earlier steps of the
structure determination process, were utilized for comparative analyses of
less well-ordered VP features. A 60mer coordinate file was generated from
the AAV2 VP crystal structure (PDB 1LP3) with the Oligomer Generator
subroutine in VIPERdb (52) and docked into the high- and medium-
resolution wt-AAV2 and AAV2-R432A maps using the Chimera program
(53) to determine the absolute hand of each map prior to comparative
analysis.

Comparison of cryo-EM reconstructed density maps, model build-
ing, and model refinement. The 3D density maps were normalized and
visualized in Chimera at a density threshold of 1.0 	 for analysis and
interpretation. Model building into the wt-AAV2 and AAV2-R432A maps
was performed using the program COOT (54). This procedure made use
of the available AAV2 crystal structure coordinates (PDB 1LP3) as a tem-
plate and was guided by the cryo-reconstructed maps. Each of the result-
ing VP monomer models was utilized to generate a 60mer capsid model,
as described above, and refined against the high resolution cryo-recon-
structed maps using the newly developed “Real_space Refinement” sub-
routine within the PHENIX program (55). The refined models were com-
pared to each other and the AAV2 crystal structure in COOT (54). The
figures were generated using the PyMOL (56) and Chimera (53) pro-
grams.

Differential scanning calorimetry. wt-AAV2 and AAV2-R432A
VLPs, purified from the 25/40% and 40% iodixanol fractions, respec-
tively, were dialyzed into 1� phosphate-buffered saline (PBS; pH 7.4),
using 150-kDa nominal cutoff Apollo concentrators (Orbital Biosciences)
to characterize capsid stability. Approximately 0.5 ml of wt-AAV2 at 0.3
mg/ml, AAV2-R432A at 0.4 mg/ml, and 1� PBS (pH 7.4; as the reference
buffer) were subjected to heating from 10 to 100°C at a scan rate of 60°C/h
in a MicroCal VP-DSC instrument (GE Healthcare). The reference buffer
and samples were loaded into two separate chambers for comparison, and
each experiment was conducted in triplicate. The data obtained from the
three thermal scans were plotted, normalized, and analyzed using the
Origin software suite (OriginLab). The melting temperatures from each
scan were averaged to improve the signal-to-noise ratio, and the standard
deviations were calculated to provide error values.

Accession number(s). The wt-AAV2 and AAV2-R432A density maps
and models built into the maps have been deposited at the EMDB data-
base as data set EMD-8099 and PDB 5IPI and data set EMD-8100 and
PDB 5IPK, respectively.

RESULTS
Structures of wt-AAV2 and AAV2-R432A. Analysis of purified
VLPs by SDS-PAGE, Western and native dot blots, and negative-
stain EM showed that the wt-AAV2 and AAV2-R432A baculovi-
rus constructs were both capable of producing pure intact parti-
cles suitable for structural analysis (data not shown). These
samples were vitrified and used to generate cryo-reconstructed
structures at two different resolutions: 5.0/3.8 Å for wt-AAV2 and
5.0/3.7 Å for AAV2-R432A (Fig. 1). Comparison of the maps for
each virus showed an increase in structural detail of the capsid
surface features with increasing resolution, as expected. All maps
clearly showed the characteristic features of an AAV capsid: a de-
pression at each 2-fold axis and surrounding each 5-fold axis, and
three protrusions surrounding each 3-fold axis (Fig. 1). The den-
sity for the HI (between �-strands H and I) and DE (between
�-strands D and E) loops were also clearly defined (Fig. 1).

Drouin et al.
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Amino acid side chains were clearly represented in the wt-
AAV2 and AAV2-R432A high-resolution maps (Fig. 2A). Resi-
dues 225 to 735 (VP1 numbering) and 236 to 735 (here referred to
as VP3) were interpretable in the wt-AAV2 and AAV2-R432A
maps, respectively. The correlation coefficients for the real-space
refinement of the models were 0.71 (wt-AAV2) and 0.73 (AAV2-
R432A). The lack of ordering of the VP1u, VP1/2 common region,
and first 22/33 residues of VP3 is consistent with previous AAV
structure reports (57). The observation is predicted to be due to
low copies of VP1 and VP2 within the capsid and conformational
variation of the overlapping VP1/2/3 N termini. The models built
into the wt-AAV2 and AAV2-R432A cryo-EM reconstructed den-
sity maps superpose with a root mean square deviation (RMSD) of
0.93 Å (Fig. 2B). The wt-AAV2 VP model built into the 3.8-Å
structure superposed onto the available AAV2 crystal structure
with an RMSD of 1.25 Å. Differences were observed at the top of
the 3-fold protrusions, notably within VRs IV and V (not shown).
The AAV2-R432A VP model superposed onto the AAV2 crystal
structure with an RMSD of 1.13 Å.

Comparison of AAV2-R432A to wt-AAV2 reveals differences
at high and medium resolutions. A residue level comparison of
the VP3 models built onto the high-resolution maps showed the

ordered R432 side chain in the wt-AAV2 map, which was absent in
AAV2-R432A, a finding consistent with the genome mutation
(Fig. 2B and 3A). In addition, other changes occurred in the im-
mediate vicinity of residue A432, along with some at distant posi-
tions. Immediately adjacent to A432, the side chains for D431 and
R513 are also disordered (Fig. 3). In the wt-AAV2 structure, the
capsid is stabilized by polar interactions between the guanidine
group of R432 on the reference VP monomer and the main-chain
carbonyl oxygens of D269 and H271 of a 3-fold-related monomer.
Residues 269 and 271 are situated within a surface loop located on
the 2/5-fold wall of the capsid (Fig. 3A). In addition, the epsilon
nitrogen of R432 participates in a polar interaction with one of the
oxygen atoms of the carboxyl group of D431 on the same VP
monomer. The D431 carboxyl group oxygen also interacts with
the guanidine group of R513 on the 3-fold related VP monomer
(Fig. 3A). These interactions do not occur in AAV2-R432A owing
to side chain conformational changes/disorder in D431 and R513,
likely arising from the lack of stabilization from the side chain of
R432. Although residue 432 and the disrupted contacts with resi-
dues 431 and 513 are buried within the capsid, surface differences
immediately above residue 432 occur at R471 and W502 (Fig. 3B
and 4). Arginine 471 of the reference monomer is disordered in

FIG 1 Cryo-EM reconstructions of wt-AAV2 and AAV2-R432A. Radially colored AAV2-R432A (A) and wt-AAV2 (B) density maps at medium (�5.0 Å) and
high (3.7/3.8 Å) resolutions, respectively. A viral asymmetric unit is delineated by the triangle on the capsid surface of the medium-resolution AAV2-R432A map
in panel A. The positions of select 2-, 3-, and 5-fold axes are indicated by oval, triangle, and pentagon symbols, respectively. The positions of an HI loop, a DE loop,
a 3-fold protrusion, and the 2-/5-fold wall are indicated. The density in panels A and B are shown at a sigma threshold of 1.0.
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wt-AAV2 but becomes ordered in AAV2-R432A, which is con-
comitant with a shift in the side chain of W502 of the 3-fold-
related monomer that appears to stabilize R471 (Fig. 3B). These
two side chain shifts are the only surface-exposed conformational
changes in the AAV2-R432A structure and are located immedi-
ately adjacent to the side chain of D269 at the base of the protru-
sions surrounding the 3-fold axes on the wall facing the 5-fold axis
(Fig. 4).

The substitution of an alanine for an arginine at position 432
propagates changes in two VP regions that are far from the mu-
tated residue in the AAV2-R432A structure. One of these occurs in
the conserved �A strand of VP3. In the AAV2-R432A map, the
first ordered residue is 236, which is 11 and 19 amino acids up-
stream from that observed in the wt-AAV2 structure determined
in this study and that in the previously determined AAV2 crystal
structure, respectively (Fig. 5). Thus, maps at a lower resolution
(5.0 Å) generated from fewer particle images were analyzed in an
effort to visualize the less-ordered VP features of the capsid be-
cause the signal for less structurally ordered regions of macromol-
ecules (or components of complexes with a reduced copy num-
ber) can be lost at high resolution. This is due to the finer spatial
frequency of data sampling which can be overcome at lower res-
olution. Models built into these low resolution maps showed the
main chain of VP3 to be traceable, and the BIDG and CHEF �
sheets, as well as the �A helix, were visible, but side chain densities
were not resolved (not shown). The AAV2-R432A map showed a
buildup of density projecting into the capsid interior from residue
236 (located on the interior surface) and at the 2-fold symmetry
axis (Fig. 6A). The main chain for four additional residues could
be modeled into this 5.0-Å density map, extending the AAV2-

R432A VP3 chain to N-terminal residue 232 (Fig. 6B). However,
this main chain is rotated �60° toward the 2-fold rather than
extending toward the 5-fold axis as in the wt-AAV2 cryo-recon-
structed and crystal structures (Fig. 2B and 6B). In the wt-AAV2
map, additional density is observed in the interior surface at the
3-fold axis, which is absent in the AAV2-R432A map (Fig. 6A).
This additional density is proximal to but does not overlap with
the position of the nucleotide density observed in the capsid inte-
rior of the majority of other wt-AAV serotype capsid structures
determined to date (58). While a nucleotide model was not built
into this 3-fold density, its absence in the AAV2-R432A is consis-
tent with its DNA packaging defect.

The second VP site that differs far away from R432A in the
AAV2-R432A structure is residue R404 located at the interior cap-
sid opening of the 5-fold channel (Fig. 7A). This residue under-
goes a rearrangement which positions the terminal amino groups
of its side chain away from the opening of the channel (Fig. 7A). In
the wt-AAV2 cryo-reconstructed structure, the first ordered resi-
due, 225, is positioned immediately adjacent to R404 from a
5-fold-related VP (Fig. 7B). The reorganization of the �A strand
and N terminus toward the 2-fold axis in AAV2-R432A creates a
space that the R404 side chain occupies. Of note, an AAV2 R404A
variant has been shown to produce a 14-fold reduction in DNA
packaging (unpublished data).

FIG 2 Density map and model of AAV2-R432A. (A) Small region of the
AAV2-R432A cryo-EM density map (gray mesh) with modeled residues 407 to
414. These residues were readily interpretable in the map. (B) Superposition of
the AAV2-R432A (orange) and wt-AAV2 (blue) ribbon models built into the
cryo-reconstructed density maps. The enlarged inset image shows the location
and orientation of residue 432 in the wt-AAV2 (blue mesh) and AAV2-R432A
(orange mesh) density maps. The densities in panels A and B are shown at a
sigma threshold of 2.0.

FIG 3 Residue level structural rearrangements in AAV2-R432A. (A) Intra-
and inter-VP monomer interactions in wt-AAV2 structure (blue density mesh
and model) between R432 (on the reference VP monomer) with D431 (on the
same VP monomer), with 3f-D269 and 3f-H271 (of a 3-fold-related mono-
mer), which likely serve to stabilize the native capsid, are lost in AAV2-R432A
(orange density mesh and model). In this vicinity the interaction between
D431 with 3f-R513 in wt-AAV2 is absent in AAV2-R432A. The loss of inter-
actions in AAV2-R432A is due to the lack of the arginine side chain in A432
and side chain conformational changes/disorder in D431 and R513. (B) Sur-
face differences between wt-AAV2 and AAV2-R432A at positions R471 and
W502 located above D431, R432, and R513. R471 is disordered in wt-AAV2
but ordered in AAV2-R432A, concomitant with a shift in the side chain of
W502 of the 3-fold-related monomer. The densities in panels A and B are
shown at a sigma threshold of 1.5.
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Wild-type and AAV2-R432A capsid stability. The loss of in-
terface interactions suggested that AAV2-R432A would be less
stable than wt-AAV2. Differential scanning calorimetry was thus
used to measure the thermostability of AAV2-R432A for compar-
ison with wt-AAV2. The melting temperature (Tm) determined
for wt-AAV2 at pH 7.4 was 67.5 
 0.3°C and the native capsid
exhibited a melting profile with a single, sharp denaturation peak
(Fig. 8). This observation is congruent with a previously reported
Tm of 67.8 
 0.2°C (59). In contrast, the AAV2-R432A melting

profile exhibited a “shoulder” prior to the major peak, resulting in
two melting temperatures: peak 1 � 57.5 
 0.2°C and peak 2 �
61.1 
 1.9°C (Fig. 8). This dual melting profile suggests a two-step
denaturation process for the mutant, which was not observed for
wt-AAV2.

DISCUSSION

Cryo-EM and image reconstruction yielding medium and high-
resolution structures of wt-AAV2 and the packaging deficient
variant AAV2-R432A revealed capsid properties required for ge-
nome encapsulation to occur. At 3.8 and 3.7 Å, respectively, these
structures are among the highest-resolution structures deter-
mined to date of viruses with T�1 capsids using this experimental
approach. With the high-resolution density maps, models of the
wt-AAV2 and AAV2-R432A structures could be built using the
known AAV2 crystal structure coordinates as a template. A com-
parison of these models showed an overall conservation of the
VP3 monomer backbone structure. Side chain and main-chain
differences visualized the altered capsid interactions inhibiting ge-
nome packaging. Significantly, the change at R432A, situated at a
3-fold VP:VP interface, showed structural changes that propagate
to regions of the capsid near the 2- and 5-fold axes. Density maps
at 5.0-Å resolution showed a large, main-chain rearrangement in
AAV2-R432A that alters the juxtaposition of residues under the
5-fold and 2-fold axes. The data demonstrate that alterations at
the 2-, 3-, and 5-fold regions of the capsid contribute to producing
a packaging defect and highlight a tight connection between the
entire capsid in maintaining packaging efficiency.

Sequence analysis of the VP3 of several AAV serotypes (AAV1-
AAV9) indicated that R432 and the surrounding region (includ-
ing D431) are highly conserved, AAV5 being the only exception
(not shown). Amino acids W502 and R513 are also highly con-
served among these AAVs, except in AAV4, which contains no
structurally equivalent residue to position 502, and in AAV5,
which contains F489 and A500, respectively. Residues 511-NGR-
513, conserved in AAV1 to AAV13, except in AAV4, AAV5, and
AAV11, form a partially exposed, capsid surface loop at the base of
the 3-fold protrusions on the side facing the 2-fold depression.

FIG 4 Location of capsid surface differences between wt-AAV2 and AAV2-R432A. R471 and W502 are highlighted in cyan at the base of the 3-fold protrusion
on the 2-/5-fold wall. Residues 269 to 271, which participate in main-chain interactions with R432A, and R513 (side chain interactions in wt-AAV2) are also
highlighted. The densities in panels A and B are shown at a sigma threshold of 1.0.

FIG 5 Wild-type and AAV2-R432A N-terminal differences at high resolution.
Density maps of wt-AAV2 (blue) and AAV2-R432A (orange) monomers
viewed from the capsid interior are shown with the docked main chain (black
line) of the AAV2 crystal structure coordinates (1LP3). Densities for the �B,
�I, �D, and �G strands are well-ordered (labeled) and structurally equivalent
in wt-AAV2 and AAV2-R432A, but the �A strand is absent in the AAV2-
R432A density map. The interpretable density for the wt-AAV2 structure is
ordered starting at residue 225, whereas the AAV2-R432A map only reveals the
density starting at residue 236. The densities in panels A and B are shown at a
sigma threshold of 2.5.
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This NGR motif is reportedly essential for integrin �5�1 corecep-
tor binding by AAV2 and AAV9 (44, 60). A previous study showed
that modification of this motif produced AAV2 capsids that were
unable to package genome, and this phenotype was proposed to
arise owing to the loss of interaction with residues D431 and R432
(44). The R432A and R513A mutation information suggests that
the interactions of residues 511 to 513 and residues 431 to 432 play
a critical role in ssDNA genome packaging (44). This implies that
the region of the capsid surface lying above these residues serves as
a contact point for Rep during the packaging process. The altera-
tions to the AAV2-R432A variant capsid surface above R432 may
be responsible for the increased Rep loading reported by Bleker et
al. (40). Thus, although a role for residues equivalent to R432 in
genome packaging has not been investigated for other AAVs, this
residue is critical in AAV2 packaging and thermodynamics, and is
predicted to perform a similar role in other AAVs.

DSC experiments provided physical evidence of the decreased
stability of the AAV2-R432A with a significantly lower Tm than
wt-AAV2. Prior DSC studies have demonstrated that the specific

heat capacity of the AAV capsid directly correlates to its structural
stability, and so it follows that a lower Tm indicates a capsid with
decreased stability (59). In addition, the mutant AAV displayed
two melting peaks, suggesting dual denaturation events. Of note,
the melting profile of AAV8 also demonstrates two transitions,
separated by �4.3°C (59). A plausible explanation for the AAV2-
R432A melting behavior is that two populations of capsids exist,
for example, one with altered �A conformation (as observed) and
another in transition from the wt-AAV2 conformation. This
would explain the lack of or reduced ordering of the altered
AAV2-R432A VP N terminus to the same position as for the wt-
AAV2 cryo-reconstructed structure despite these residues being
within the common VP3 region. Density consistent with the con-
formational change was seen only at a low sigma threshold (0.5 	)
in the high-resolution map and when resolution was reduced to 5
Å, suggesting a reduced occupancy for the N-terminal amino acids
observed beyond position 236. It is also possible that the reduced
stability of AAV2-R432A results in dissociation into an interme-
diate VP oligomeric state such as trimers or pentamers prior to
complete capsid disassembly, which appears to be a one step pro-
cess for AAV2 and other serotypes (59).

In summary, the data reported here suggest that the AAV2

FIG 6 Wild-type AAV2 and AAV2-R432A structural changes at the 2-fold
symmetry axis seen at medium resolution. (A) Cross-section of the wt-AAV2
(left, blue) and AAV2-R432A (right, orange) capsid density maps showing
positive difference density (cryo-reconstructed density minus AAV2 crystal
structure capsid model density) primarily confined to the interior capsid sur-
face. In wt-AAV2, extra density occurs at the 3-fold axes, whereas in AAV2-
R432A, extra density occurs at the 2-fold axes. (B) Ribbon representations of a
VP3 monomer fitted within the AAV2-R432A density map (orange) (left) and
superposed wt-AAV2 (blue) and AAV2-R432A (orange) surface densities
(right) close to the 2-fold axis. The �BIDG strands, as well as strand �A, are
labeled in the left side of panel B. The reposition of the �A strand in AAV2-
R432A and the build-up of density at the 2-fold axis are evident. wt-AAV2 is
ordered from residue 225, whereas in AAV2-R432A the residues can only be
assigned from residue 236 at a resolution of 3.7 Å and from residue 232 at a
resolution of 5.0 Å. This density for the ordered N terminus of AAV2-R432A
projects into the capsid interior. In wt-AAV2 the VP1/2/3 N termini from
5-fold-related neighboring monomers interact, whereas in AAV2-R432A this
interaction is lost (see Fig. 7). The densities in panels A and B are shown at
sigma thresholds of 2.5 and 2.0, respectively.

FIG 7 Wild-type and AAV2-R432A differences at the base of the 5-fold chan-
nel. (A) A closeup view of a pentamer of wt-AAV2 (blue ribbon and mesh
density) and AAV2-R432A (orange ribbon and mesh density) exhibits the
alternative positions of the R404 side chain. The R404 side chain moves away
from the opening of the channel in AAV2-R432A. The view is from the interior
of the capsid. (B) Pentamer of superposed wt-AAV2 and AAV2-R432A from
the capsid interior showing the reposition of the R404 side chain adjacent to
the first ordered N-terminal residue from a 5-fold-related VP monomer in
wt-AAV2. The AAV2-R432A structure is disordered up to this position. The
density in panel A is shown at a sigma threshold of 2.0.
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R432 residue plays an important role in maintaining AAV2 capsid
interactions and stability that is important for packaging compe-
tency. The loss of contacts between the �A and �B strands below
the 5-fold axis would contribute to decreased capsid stability. The
5-fold pore has been suggested to be a site for genome packaging
and uncoating from assembled capsids for the AAVs, as well as
other parvoviruses. Thus, the structural changes at the base of the
5-fold pore of the AAV2-R432A may contribute to the observed
packaging defect. The structural rearrangements observed at the
3-fold region of the AAV2-R432A capsid caused loss of inter-
monomer interactions which could also lead to global capsid de-
stabilization. The AAV2-R432A structure revealed a buildup of
density underneath the 2-fold axis, a process that has been sug-
gested to occur with the VP1/2 common region and VP1u N ter-
minus prior to extrusion through the 5-fold pore (61). This would
also suggest that the VP1/2 common region and VP1u are perma-
nently displayed on the capsid surface. However, no density was
observed within the 5-fold pore of AAV2-R432A at medium or
high resolution. Moreover, density observed at the 2-fold axis was
ascribed to residues within the VP1/2/3 common region. The lack
of density blocking the pore could merely be a consequence of
icosahedral symmetry averaging effects, which diminish the visu-
alization of elements of structure such as VP1u that are present in
low copy number. Interestingly, density proximal to the region
previously reported to be a nucleotide binding site was observed in
wt-AAV2 but not AAV2-R432A, consistent with the inability of
the variant to package ssDNA. Finally, the global effect of the
single R432A amino change, at a buried capsid location, highlights
the plasticity of the assembled capsid and the need to conserve
structural fidelity in all functions, including capsid stability and
genome packaging.
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